A
HISTORY OF CHRONIC OBstructive pulmonary disease (COPD) has been reported to increase lung cancer risk, 1 and COPD aggregates with lung cancer within the same families. Chronic obstructive pulmonary disease is characterized by airway obstruction, which is not fully reversible and usually results from emphysema and/or chronic bronchitis. 2, 3 Since 1977, numerous studies have shown COPD to be an independent risk factor for lung cancer. 1, [4] [5] [6] [7] [8] However, it remains unclear whether emphysema, chronic bronchitis, or both predispose an individual to an elevated lung cancer risk at the same magnitude. In addition, the biologic mechanism linking COPD and lung cancer development is largely unknown.
Alpha 1 -antitrypsin deficiency (␣ 1 ATD) is one of the most common genetic disorders affecting the US population, especially European descendents, and can lead to early age onset of emphysema among homozygous individuals. 9 The level of alpha 1 -antitrypsin (␣ 1 AT) is inherited as a Mendelian codominant trait that is determined by the α 1 AT gene (or Pi1 locus) on chromosome 14q32.1. 10 The Pi1 locus is highly polymorphic, with more than 70 variants reported. 10 Each variant is designated by a letter corresponding to the migration of the ␣ 1 AT protein in an isoelectric focusing assay, the standard clinical diagnostic test for more than 20 years. 11 The most common wild type is M (including subtypes M1, M2, and M3), with most normal individuals being homozygous for this allele (designated as MM or PiMM with the subtypes, eg, M1M1). Of the variants that lead to a deficiency of ␣ 1 AT, only Z and S alleles are common. Uncommon deficient alleles include I, M Malton , M Pittsburgh , null, and other rare alleles. 10 Alpha-1 antitrypsin deficiency carriers (ie, heterozygous individuals) do not normally have severe ␣ 1 ATD-related diseases, and most of them are not aware of their carrier status. These carriers may be more vulnerable to carcinogencontaining tobacco smoke than noncarri-ers, especially when their ␣ 1 AT levels are compromised under physiologic stress or they have subclinical lung tissue damage. 9 The goals of this study were to evaluate 3 risk factors (␣ 1 ATD, COPD, and cigarette smoking) together and their interplay in lung cancer development and to estimate their relative contributions to lung cancer risk in the general population.
METHODS

STUDY SUBJECTS
Patients With Lung Cancer
All study subjects were enrolled using our rapid patient identification and enrollment procedure approved by the Mayo Clinic institutional review board. 12, 13 Briefly, newly diagnosed cases of lung cancer are identified by a daily electronic pathology reporting system. Once identified, study consents are obtained from the patients for enrollment, their medical records are abstracted, and interviews are conducted. The overall participation and blood sample donation rates were 87% and 73%, respectively.
Unrelated Controls
We selected community residents who were identified by having had a general medical examination and a leftover blood sample from routine clinical tests. 14, 15 Excluded were individuals who had been diagnosed with any cancer (except nonmelanoma skin cancer) or major organ failure (eg, heart, brain, lung, kidney, or liver) on or prior to this visit. An invitation letter was mailed out to potential study participants who were found to be the best potential controls matched to patients on age, sex, and race/ ethnicity. If a subject declined to participate, the same procedure was repeated for the next best potential control. A selfadministered questionnaire with the same questions as obtained from patients with lung cancer was completed by the controls. Two to 6 months were required to obtain a matched control for each enrolled patient. Of the respondents, 78% gave permission to use their blood sample, of whom 84% completed and returned the questionnaire; 11% declined to participate; and 1% were deceased or could not be located. Ninety-five percent of these study subjects were white, representing a US Midwestern population in and surrounding Minnesota.
Full Sibling Controls
We recruited full siblings through the index cases of lung cancer probands. All full siblings who were free of cancer, as reported by the probands as well as the siblings themselves, and who donated a blood sample were included in the study. Sibling participation rates could not be accurately estimated because family members were invited into the study through the probands, based on our approved protocol. Even though all living full siblings were eligible to participate, probands decided which family members to contact; no disclosure was provided to the study.
DATA COLLECTION
Complete family history information regarding cancer (including lung cancer and other cancer sites), other lung disease history (including emphysema, chronic bronchitis, COPD, tuberculosis, asthma, allergy, asbestosis, silicosis, and other), and cigarette smoking history for each relative was obtained from all study subjects via a combination of a structured subject interview, self-administered questionnaire, and medical records. [13] [14] [15] [16] Cigar or pipe smokers were excluded from the never smokers. Never smokers were defined as having smoked fewer than 100 cigarettes during their lifetimes, and former smokers were defined as having quit smoking for 6 months or more before the lung cancer diagnosis for patients or the date of blood draw for controls. Tobacco history information included current and/or previous use, duration, the average number of cigarettes smoked per day, the number of years since the patient quit smoking, and passive smoking or environmental tobacco smoking (ETS). 17 In this analysis, ETS exposure was modeled as a dichotomized covariate (yes vs no). Light smokers were those who smoked for fewer than 20 pack-years; moderate smokers, between 20 and 40 pack-years; and heavy smokers, more than 40 pack-years.
For 12% of the patients and none of the controls, we obtained study information from the next of kin, primarily a spouse; most of these patients had advanced-stage disease and died within 1 year after diagnosis. A careful examination of tobacco smoke exposure (including ETS) and family history data, obtained from medical records or interviews, showed almost identical results between patient and proxy interview groups ( Table 1) . As expected, patients who could not be directly interviewed were more likely to have advanced-stage disease and die within 1 year after diagnosis. We chose to include the proxy Abbreviations: COPD, chronic obstructive pulmonary disease; ETS, environmental tobacco smoking; NSCLC, non-small cell lung cancer.
a Unless otherwise indicated, data are reported as percentage of subjects.
information to maintain a reasonable proportion of cases of advanced-stage disease. The medical records of each patient were reviewed, and the following information was abstracted: demographic characteristics; vital status (alive or dead); education; history of tobacco exposure and alcohol use; lung cancer histologic findings, staging, anatomic location, and treatment; and other medical conditions. The history of COPD was determined based on explicit diagnosis recorded in the medical history; most patients but a minority of controls underwent pulmonary function tests to support this diagnosis.
␣ 1 AT ALLELE TYPING
Isoelectric focusing assay, performed in the Mayo Clinic Protein and Immunopathology Laboratory, was used to type ␣ 1 AT alleles (Figure 1) . 19 The samples were tested in the order of their assigned blind identification number. The apparent differing genotyping rate across study groups was owing to a natural termination of the grant funding. The typed subjects were compared with the total subjects among patients, unrelated controls, or sibling controls, as appropriate, indicating that typed subjects represented the total subjects in major clinical and demographic characteristics.
STATISTICAL ANALYSIS
We tested the Hardy-Weinberg equilibrium in 2 ways: (1) all alleles and (2) dichotomizing normal vs deficient alleles collectively. 20 For the unrelated controls, the ␣ 1 ATD allele distribution did not depart from the Hardy-Weinberg equilibrium either tested using all observed alleles (PϾ.99) or using the dichotomized normal vs deficient alleles (P=.16).
UNRELATED CONTROL ANALYSIS
Standard contingency table statistics were used to test whether the ␣ 1 ATD high-risk genotype frequency differed between patients and controls. The McNemar test for the equality of proportions in matched samples was used to test for an association between ␣ 1 ATD and lung cancer, measured by odds ratios (ORs). Conditional logistic regression models for the matched set 21 were used to test for the effects of history of chronic lung diseases (emphysema only, chronic bronchitis only, and both), tobacco smoke exposure, and high-risk genotype on the association with lung cancer risk. These models used case or control status as an outcome variable, and high-risk genotype, existing chronic lung diseases, history of tobacco smoke exposure, and hypothesis-driven 2-way interactions of these variables, as well as other known confounding variables (eg, family history) as predictor variables. Variation in the association between lung cancer risk and high-risk genotype by histologic subtype, smoking history, or family history of cancer was tested by stratified case-control analysis.
UNAFFECTED SIBLING CONTROL ANALYSIS
The generalized estimating equations approach was used to test for an association between the α 1 ATD gene and lung cancer (proc GENMOD in SAS, version 8.2; SAS Institute, Cary, North Carolina) 22 for its ability to accommodate any sibship size.
23
ATTRIBUTABLE RISK ESTIMATION
We estimated the expected population attributable risk (EAR) in percentage that was modeled for each risk factor according to the expected population frequency of that risk factor and the adjusted OR based on our multivariable regression models. 23 
RESULTS
During the 6-year study period (1997) (1998) (1999) (2000) (2001) (2002) (2003) , we enrolled 1856 patients with lung cancer, of whom 1585 were matched with unrelated controls and 1053 had full sibling controls. The ␣ 1 AT allele types were tested in 1443 patients, 797 unrelated controls, and 902 full siblings in the order the samples were received. Table 2 lists the basic demographic characteristics of the patients and controls. For these variables, patients with lung cancer who were tested for ␣ 1 AT allele type were very similar to those who were not (no statistically significant difference, P=.31-.96); likewise, ␣ 1 AT-typed controls were very similar to all controls enrolled in our study.
COMPARISON BETWEEN PATIENTS AND UNRELATED CONTROLS
We applied multiple logistic regression models to examine the effects of tobacco exposure history, COPD, and ␣ 1 ATD carrier state on lung cancer risk. First, we modeled 1585 case-control pairs (Table 3 [model 1]) without the ␣ 1 ATD variable. This model demonstrated the relative importance of COPD as a risk factor and different levels of tobacco smoke exposure, including ETS alone and light, moderate, and heavy smokers. Individuals with COPD had a greater than 6-fold higher lung cancer risk, and smokers were at a 2-to 9-fold higher risk than never smokers, depending on smoking intensity. Although ETS did not significantly increase lung cancer risk (OR, 1.2), a trend test of a 5-level cigarette smoking exposure intensity (never smokers with no ETS, never smokers with ETS, and light, moderate, and heavy smokers) was significant (PϽ.01).
We then built a model including the ␣ 1 ATD allele types (Table 3 [ model 2] ). The overall ␣ 1 ATD carrier rate among 1443 patients with lung cancer was 13.4%. The carrier rate in 797 unrelated controls was 7.8% (PϽ.001). The uneven proportion genotyped (78%, 50%, and 75% of patients, unrelated controls, and sibling controls, respectively) was driven by the natural process of subject enrollment. No significant difference between tested and untested groups was found.
The ␣ 1 ATD alleles included mainly S (6.7%), Z (3.2%), and other rare ones (I, P, V, and null type making up collectively 2.6% of the allele type distribution in all study participants). Individuals carrying 1 or 2 deficient alleles were all considered as high-risk allele carriers and more than 90% were heterozygous (including SZ) or carriers. These carriers were at a 70% higher risk of developing lung cancer than the noncarriers. Among nonsmokers, ETS was associated with a 2-fold increase in lung cancer independent of ␣ 1 ATD carrier status. Compared with model 1, the risk for chronic bronchitis or emphysema was similar, whereas the risks associated with the different levels of smoking intensity were approximately doubled.
To further test whether the association between lung cancer risk and ␣ 1 ATD carrier status varied by history of tobacco smoke exposure and/or COPD, histologic type of lung cancer, and family history of lung cancer and/or other malignancies, we conducted stratified analyses on our case-unrelated control data set.
SMOKING HISTORY
Among never smokers, we found that ␣ 1 ATD allele carriers were at a 2.2-fold risk for lung cancer compared with noncarriers after adjusting for age, sex, and history of unspecified COPD. In addition, the increased risk for never smokers with ETS was 2.0-fold (95% confidence interval [CI], 1.3-3.0). Figure 2 depicts the risk estimates for lung cancer (OR) stratified by smoking intensity. Among moderate to heavy smokers (Ն20 pack-years), the ␣ 1 ATD alleleassociated lung cancer risk was estimated at 2.3-fold, whereas among light smokers (Ͻ20 pack-years), the ␣ 1 ATD allele-associated lung cancer risk was 2.0-fold (not significant [95% CI, 0.9-4.3]). Having a history of COPD increases lung cancer risk significantly for all 3 groups of smokers (from 2.5-to 5.9-fold), with the largest effect on never smokers (OR, 5.9; 95% CI, 2.7-12.8).
TUMOR HISTOLOGIC FEATURES
Stratified analysis by selected histologic groups showed varying odds ratios of specific lung cancer risk associated with ␣ 1 ATD allele carriers (Figure 3) , from not significant in small cell lung cancer (OR, 1.4; 95% CI, 0.6-3.1) to significant in adenocarcinoma, particularly bronchioalveolar carcinoma (OR, 2.0; 95% CI, 1.1-3.8), and also significant in squamous cell carcinoma (OR, 2.5; 95% CI, 1.2-5.3). While the effect of COPD on various types of lung cancer was relatively constant with the exception of small cell carcinoma, the effect of smoking history was dramatically different across histologic groups (OR, 2.0 -12.1), with the strongest effect on squamous cell carcinoma (OR, 12.1; 95% CI, 4.9-30.2).
FAMILY HISTORY OF CANCER
Patients with a family history of lung cancer or other cancers in their first-degree relatives had a similar ␣ 1 ATD carrier rate to those without such a family history, all significantly higher than the controls. This finding suggests that increased lung cancer risk among ␣ 1 ATD carriers is independent of a family history of cancer.
COMPARISON BETWEEN PATIENTS AND UNAFFECTED SIBLINGS
Consistent with the results of patient-unrelatedcontrol comparisons, ␣ 1 ATD allele carriers were at a 2-fold higher lung cancer risk than noncarriers (OR, 2.2; 95% CI, 1.6-2.9) in univariate analysis, and COPD was a very strong risk factor for lung cancer (OR, 5.7; 95% CI, 4.4-7.3). When adding COPD to the model that included ␣ 1 ATD and the other covariates (Table 4) , we found that the odds ratio for an increased lung cancer risk in ␣ 1 ATD carriers was 2.0 (95% CI, 1.4-2.7), supporting an independent role of ␣ 1 ATD state in lung cancer development. Noted is the lack of difference or trend among the 3 odds ratios for COPD subgroups (chronic bronchitis only, emphysema only, and both); this could reflect the low occurrence of COPD in unaffected siblings and therefore the unstable risk estimates.
POPULATION ATTRIBUTABLE RISK ESTIMATION
We estimated the EAR based on our multivariable models. The EAR for ␣ 1 ATD carriers, COPD, and ETS among never smokers was 12%, 10%, and 41%, respectively. Among heavy smokers, the EAR for ␣ 1 ATD carriers was 11%, and for COPD it was 12%, adjusting for packyears of cigarettes smoked. Therefore, the ␣ 1 ATD allele type might explain 11% to 12% of lung cancer occurrence in our population, which was predominantly from the US Midwest, represented by the majority of our study subjects.
COMMENT
Our results demonstrated that the ␣ 1 ATD allele can double an individual's lung cancer risk and also confirmed that COPD is an independent risk factor for lung cancer, with an EAR of 10% to 12%. An EAR of 16% for COPD in lung cancer was reported in 1992 7 after controlling for smoking; the somewhat lower EAR found in our study could be explained by the inclusion of ␣ 1 AT allele types in the risk models. An alternative explanation would be that the 1992 study estimated the attributable risk associated with a larger grouping of previous lung diseases including chronic bronchitis, emphysema, tuberculosis, and asthma. The inclusion of these additional lung diseases may also have accounted for a higher EAR in that study. In contrast, tuberculosis and asthma were not significant contributors in the present study. Importantly, our results support the hypothesis that the excess risk of lung cancer among patients with COPD may be a result of lung tissue damage (emphysema), chronic infection or inflammation (chronic bronchitis), or both.
A report from the World Health Organization 24 disclosed that ␣ 1 ATD is seriously underdiagnosed. There are at least 10 million Americans and 120 million people worldwide who are ␣ 1 ATD carriers. 25 Our results indicate a potentially significant impact of ␣ 1 ATD on lung cancer risk and potential benefit for identifying and protecting these individuals who may be vulnerable to carcinogens. Even though the proportion of ␣ 1 ATD carriers in the population is less than 10%, the relative and attributable lung cancer risk is suggested to be more than 10%, which is among the highest for major gene effects on the risk of a common cancer.
A recent report showed that over 12 million people in the US population have been clinically diagnosed with COPD, and this only accounted for half of all who have the disease. 26 Chronic obstructive pulmonary disease is an indolent process that can remain subclinical because the lungs have a tremendous reserve that is not called on, even during mild exertion; therefore, many persons with COPD may not be diagnosed until the disease is advanced.
A limitation to our study is the potential underdiagnosis of COPD, which should be based on symptom complex, clinical signs, and the most reliable test of all, laboratory evaluation of fixed airway obstruction by a pulmonary function test.
2 Emphysema can be diagnosed by adequate radiographic or pathologic evaluation and is defined as abnormal permanent enlargement of the air spaces distal to the terminal bronchioles accompanied by destruction of their walls without obvious fibrosis. 2 Another potential limitation is the possibility of population stratification in gene-disease association due to heterogeneous ancestral background of the study subjects. One method of overcoming this limitation is by a case-control study that matches ethnicity at subject enrollment or adjusts for ethnicity in analysis. However, owing to the diversity of the ancestral background of US whites, it is a serious challenge to combine 4 lines of ethnicity (or country of origin) from both sets of grandparents into meaningful groups. 13, 16 In our study, we identified 25 distinct ethnic groups, which makes 25 4 or 390 625 possible combinations to consider for 4 grandparents. Moreover, because the ␣ 1 ATD allele frequency varies significantly within many European countries, for example with a north to south gradient, 9 the finest classification of ethnicity by country of origin, if possible at all, may not resolve the issue of population admixture. In the present study, 95% of our patients were white, as were 92% of controls. Because of the small proportion of the nonwhites (that included Native American, Asian Indian, Asian, African American, and Hispanic ethnic backgrounds), our study results were not changed by either dropping them from the analysis or adjusting the potential effect of ethnicity as a covariate in the analytic models.
Sibling controls are a valid way to avoid population stratification. We applied the generalized estimating equations model that uses all the information provided from the multiple siblings per proband while properly accounting for the correlation between observations within a sibship. 27 A potential confounder is that younger unaffected siblings might become patients in time, but age was adjusted for along with other factors. Another potential drawback is that sibling controls and the patients are overmatched for both their genes and early life environment. Siblings in general had shared more common environmental risk factors with the patients than had the unrelated controls, which may partly explain the relative lower ORs for smoking and COPD when using siblings compared with using unrelated controls. 28, 29 A third limitation is the use of community-based controls to match the clinically based patients. 14, 15 Nonetheless, the advantages of this design are time-and costeffectiveness, assuming a reasonable participation rate. [14] [15] [16] By using this unrelated population control group, we were able to test the hypothesis that patients with lung cancer are more likely to be ␣ 1 ATD carriers, and we could also provide an accurate estimate of the expected exposure rate (ie, ␣ 1 ATD carrier rate) in a reference population of Olmsted County, Minnesota.
In summary, our findings demonstrate a paradigm in lung cancer etiology research and risk assessment that incorporates clinical and genetic markers for lung damage into a gene-environment interaction. A logical next step 
